Abstract: CMK-3 mesoporous carbon was nanocast from SBA-15 silica. The obtained carbon was characterized by nitrogen sorption isotherms, X-ray diffraction and transmission electron microscopy (TEM). The batch adsorption tests were done at constant pH taking into account the initial metal ion concentration, adsorbent mass and temperature. A statistical study using a response surface design method was done to develop a mathematical model to predict copper adsorption on CMK-3 as a function of the mentioned experimental factors. It was found that all these parameters are significant, and copper concentration has the greatest effect on adsorption among them. Moreover, the obtained model proved to be adequate in predicting copper adsorption on CMK-3 and its performance under different experimental conditions.
Introduction
The direct discharge of industrial and domestic wastewater into the environment is responsible for the severe pollution of water sources today. Among various pollutants ejected, heavy metals are among the most dangerous inorganic contaminants since they persist in nature, leading to their accumulation in living organisms [1] . Copper is commonly found in discharged effluents. Copper pipes are used in plumbing, leading to elevated copper levels in water. This affects human health leading to vomiting, diarrhea, nausea and stomach cramps. Moreover, copper may damage the liver and lead to kidney diseases [2] . Different techniques are used to eliminate heavy metal ions from water, such as chemical precipitation, membrane filtration, adsorption and ion exchange. Adsorption is considered a promising method because it is simple, effective, and many adsorbents are available. Many studies have been done on different types of materials [3, 4] such as ion-exchange resins, zeolites, activated carbon and modified mesoporous silica. Since the discovery of ordered mesoporous carbons (OMCs), they have been attracting interest in various application fields including adsorption [5] . OMCs are synthesized by carbon source polymerization in mesoporous silica templates. They are highly stable both mechanically and hydrothermally [6, 7] . In addition, nanocast carbons exhibit large surface areas and pore volumes, as well as uniform pore sizes [8] [9] [10] . Several researchers proved the effectivity of OMC in removal of heavy metals from water [11, 12] . Based on what was previously mentioned, this study intends to investigate the efficiency of CMK-3 in removing copper from water. Several factors affect the performance of any adsorbent, including CMK-3. Metal ion concentration, adsorbent mass and temperature greatly influence copper removal. In the present work, a statistical study using the response surface method was performed for developing a mathematical model to predict copper adsorption on CMK-3 as a function of metal ion concentration, adsorbent mass and
SBA-15 and Mesoporous Carbon CMK-3 Synthesis
Mesoporous carbon was made by applying SBA-15 silica as a cast based on the procedure described by Zhao et al. [13] . For SBA-15 synthesis, 4 g of P123 was dissolved in 30 g water and 120 g of 2 M HCl at 35 • C. After dissolution, 8.5 g of TEOS was added. The resulting mixture was stirred for 20 h at 35 • C, and then aged at 80 • C overnight. The solid obtained was filtered, washed and dried. Calcination was performed at 500 • C for 6 h (heating ramp 1 • C/min). For CMK-3 synthesis, 1 g of SBA-15 powder was added to 1.5 g of sucrose dissolved in 5 mL of water and 0.09 mL of 18 M H 2 SO 4 . The obtained mix was heated up for 6 h at 100 • C then the oven temperature was increased to 160 • C for another 6 h. Another 1 g of sucrose dissolved in 5 mL of water and 0.05 mL of 18 M H 2 SO 4 were added to the previously obtained sample and it was thermally treated as described before. The silica-polymer composite was pyrolyzed for 6 h under nitrogen flow at 800 • C. Finally, the silica template was removed using 2M NaOH [14] .
SBA-15 and CMK-3 Characterization
Micromeritics TRISTAR sorptiometer was used to determine the textural properties through nitrogen sorption at −196 • C. Before measurement, the materials were kept under vacuum at 350 • C for 5 h. Empyrean X-ray diffractometer (Malvern Panalytical Ltd., Royston, UK) with Cu Kα (λ = 1.54 Å) radiation was used to determine the (XRD) patterns from 0.65 • to 5 • 2θ. The SBA-15 and CMK-3 form was acquired by TEM (JEOL 2100 UHR at 200 kV, Tokyo, Japan).
Adsorption in Batch Mode
Copper nitrate salt was solvated in ultrapure water to obtain metal ion solutions. A mass (5, 10, 20 and 30 mg) in g of CMK-3 was added to a volume (V) in L of metal ion solutions of a desired concentration between 10 and 300 ppm (0.15 and 4.7 mmol·L −1 ). The flask was continuously stirred for 120 min at 25 • C, 35 • C and 45 • C at 300 rpm. Atomic Adsorption Spectrophotometer (AAS, Perkin Elmer AA200) determined the metal ion concentration at the end of each experiment. The removal efficiency was evaluated by Equation (1):
where C 0 and C t are the heavy metal initial concentration and at time t concentration. The pH effect was examined by adjusting the solution pH between 2 and 7 using either HCl or NaOH in order to determine the optimal pH range for performing the adsorption experiments. The adsorption tests at all temperatures were done in closed reactors in order to eliminate the effect of CO 2 on the solution pH. This was further proved by preparing blank copper solutions of different concentration (2, 8, 10 and 20 ppm), the concentration was measured for three successive days and no change was recorded, which eliminates the possibility of precipitation.
Response Surface Modeling
Response surface design is widely used as a robust method to optimize a response (y) that is influenced by independent variables x i [15] . Solution concentration (x 1 ), temperature (x 2 ) and mass of CMK-3 (x 3 ) are the chosen independent variables, while the adsorption percentage (y) of metal ions on carbon is considered the response (Table 1) . The percentage of adsorption is related to the independent variables by using the following second-order polynomial model:
where y is the predicted response, and x i and x j are the independent variables. β 0 , β i , β ij and β ii are the regression coefficients for intercept, linear effect, double interaction and quadratic effect, respectively. The equation in terms of coded factors can be used to make predictions about the response for given levels of each factor. By default, the high levels of the factors are coded as +1 and the low levels of the factors are coded as −1. The coded equation is useful for identifying the relative impact of the factors by comparing the factor coefficients.
The final Equation ( 
The actual factors in Equation (4) can predict the response for given levels of each factor. The levels here must be specified in the original units for each factor: Figure 1a presents the XRD diffractogram of SBA-15 and CMK-3 mesoporous carbon. It shows three diffraction peaks that are assigned to (100), (110) and (200) planes which indicate the 2D hexagonal symmetry (P6mm) of its template SBA-15 [16] . The interlayer distances for SBA-15 are 4.5, 2.6 and 2.3 nm, while those of CMK-3 are 4.2, 2.5 and 2.2 nm, which proves the agreement in lattice constant between SBA-15 and its carbon replica. The nitrogen sorption isotherms of SBA-15 and mesoporous CMK-3 replica are given in Figure 1b . The isotherm of CMK-3 exhibited an IV type with H 2 hysteresis loop which is similar to that of SBA-15. The isotherm exhibited a sharp step pressure increase at P/P 0 > 0.35 due to the narrower mesopores of CMK-3. The textural properties obtained from N 2 sorption are listed in Table 2 . The TEM image of SBA-15 and CMK-3 ( Figure 1c ) reveals that CMK-3 has also a hexagonal structure since it is an exact negative replica of the SBA-15 silica. 
Results and Discussion

Physicochemical Characterizations
Effect of Sorbent Mass
The adsorbent mass optimization was performed by increasing carbon masses from 5 mg to 30 mg in 20 mL of 30 ppm Cu 2+ solution for 120 min ( Figure 2 ). The adsorption percentage increased as the CMK-3 mass increased from 5 mg to 20 mg to reach its maximum at 20 mg, so the levels of the independent variable M were set between 5 and 20 mg. 
pH Effect
The pH of the solution is critical for the adsorption process because it directly affects heavy metal ion speciation and CMK-3 surface charge. For this reason, the effect of pH was investigated by performing adsorption experiments at different values that ranged between 2 and 7. The obtained results are presented in Figure 3 . As the above figure reveals, adsorption at low pH decreased due to two reasons. The first one is the competition between copper ions and hydronium ions, H3O + . The second reason for this decrease is the positive surface charge of CMK-3 at low pH. The surface charge was determined by the pH shift method, which is described in detail in our previous work [7] . Herein, the CMK-3 zero-point 
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Effect of Copper Concentration
It is well known that metal ion concentration greatly affects the adsorption process on any type of adsorbent. In this study, copper ion concentration was varied between 10 ppm and 300 ppm to investigate the effect of metal ion concentration on copper uptake on CMK-3. The obtained results are shown in Figure 4 . As ion concentration increased, the adsorption capacity increased as well to reach its maximum (250 mg/g). Three copper concentration levels (50, 150 and 300 ppm) were chosen for the independent variable C.
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Temperature Effect
The effect of temperature on Cu 2+ adsorption was investigated. The results are shown in Figure  5a , where Ce is the copper concentration at equilibrium in ppm and qe is the adsorption capacity of CMK-3 in mg/g. The parameters for the thermodynamic study (free energy change (ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°)) were calculated. The obtained results showed a slight increase in copper adsorption as the temperature increased from 25 °C to 45 °C. The Gibbs free energy change of the process is related to the distribution coefficient (Kd) and was calculated as follows [18] :
° (kJ•mol −1 ) is at temperature T (in Kelvin), R is the universal gas constant (8.314 J•mol −1 •K −1 ). The values of ΔH° and ΔS° (Table 3) are calculated from the slope and intercept of van't Hoff plot of log Kd versus 1/T, respectively (Figure 5b ). 
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∆G • (kJ·mol −1 ) is at temperature T (in Kelvin), R is the universal gas constant (8.314 J·mol −1 ·K −1 ). The values of ∆H • and ∆S • (Table 3) The ΔH° positive value reveals that the adsorption process is endothermic. The adsorbent is highly porous, so the diffusion of ions inside the pores becomes more favorable as temperature increases. The negative values of ΔG° indicate the spontaneous adsorption process; the values increased with temperature, so Cu 2+ adsorption on CMK-3 increased with temperature. The positive ΔS° value confirms that the adsorption is favorable. Cu 2+ ions are hydrated, so when they are adsorbed, water molecules will be released and dispersed in the solution, which leads to entropy increase along with system randomness.
Composite Surface Design Methods
The experimental data are presented in Table 4 . The adsorption efficiency ranged from 31% to 100%, which indicates a significant effect of the experimental conditions on CMK-3 performance. The ∆H • positive value reveals that the adsorption process is endothermic. The adsorbent is highly porous, so the diffusion of ions inside the pores becomes more favorable as temperature increases.
The negative values of ∆G • indicate the spontaneous adsorption process; the values increased with temperature, so Cu 2+ adsorption on CMK-3 increased with temperature. The positive ∆S • value confirms that the adsorption is favorable. Cu 2+ ions are hydrated, so when they are adsorbed, water molecules will be released and dispersed in the solution, which leads to entropy increase along with system randomness.
The experimental data are presented in Table 4 . The adsorption efficiency ranged from 31% to 100%, which indicates a significant effect of the experimental conditions on CMK-3 performance. 
Analysis of Variance (ANOVA)
ANOVA or variance analysis is a statistical test to figure out if the experimental results are significant or not, and if there is a difference between the studied groups. More specifically, the ANOVA test helps one to know if the null hypothesis should be rejected or accepted. In addition, the p-value is used to determine the significance of the results. It is a number between 0 and 1. If the p-value ≤ 0.05, the null hypothesis (that the studied variable has no effect on adsorption process) is rejected. On the other hand, the F-test involves the ratio of two variances that are a measure of dispersion, and larger values represent greater dispersion. The obtained ANOVA results are given in Table 5 . The model F-value is 31.53, which implies its significance. A, C and A 2 are significant model terms, since their p-values are smaller than 0.05. Values greater than 0.1 indicate the model terms are not significant. It was found that the solution concentration has the greatest effect on adsorption with the highest F-value of 231.66, which confirms further the previously obtained experimental data. Copper ion concentration and adsorbent mass affected the adsorption process greatly, while temperature had a lesser effect. This could be attributed to the high efficiency of CMK-3 for Cu 2+ adsorption, so increasing the temperature did not extensively affect the adsorption capacity. The Studentized residual in statistics is used for the quotient that results from the division of a residual by an estimate of its standard deviation. The statistical plots were applied to understand whether the model gives a good approximation of the real system or not [19] . The normal probability plots of the Studentized residuals are shown in Figure 6a . The obtained data points follow a straight line, which indicates that the residuals follow a normal distribution. Figure 6b proves that the predicted values for copper adsorption estimated by the model and the actual experimental data are in agreement, proving the reliability of the regression model.
Effect of the Studied Parameters on Copper Adsorption
The 2D and 3D surface response plots were used to analyze the relationships between the studied factors and copper removal efficiency by CMK-3 by keeping one factor constant at level 0 and varying the other two ( Figure 7) . The plots confirm that as mass and temperature increase, copper adsorption increases. On the other hand, as concentration increases, copper adsorption percentage decreases and the adsorption capacity increases, as explained earlier. The decreased efficiency at higher concentration is due to the saturation of the available sites on the CMK-3 surface. Finally, as temperature increases along with mass, copper adsorption increases as well, so copper adsorption on CMK-3 becomes increased with temperature.
ChemEngineering 2018, 2, x FOR PEER REVIEW 9 of 15 The Studentized residual in statistics is used for the quotient that results from the division of a residual by an estimate of its standard deviation. The statistical plots were applied to understand whether the model gives a good approximation of the real system or not [19] . The normal probability plots of the Studentized residuals are shown in Figure 6a . The obtained data points follow a straight line, which indicates that the residuals follow a normal distribution. Figure 6b proves that the predicted values for copper adsorption estimated by the model and the actual experimental data are in agreement, proving the reliability of the regression model.
The 2D and 3D surface response plots were used to analyze the relationships between the studied factors and copper removal efficiency by CMK-3 by keeping one factor constant at level 0 and varying the other two ( Figure 7) . The plots confirm that as mass and temperature increase, copper adsorption increases. On the other hand, as concentration increases, copper adsorption percentage decreases and the adsorption capacity increases, as explained earlier. The decreased efficiency at higher concentration is due to the saturation of the available sites on the CMK-3 surface. Finally, as temperature increases along with mass, copper adsorption increases as well, so copper adsorption on CMK-3 becomes increased with temperature. It is worth mentioning that the maximum adsorption capacities reported in the literature using microporous activated carbon are lower than those obtained in this study (Table 6 ). This makes CMK-3 a very promising adsorbent for heavy metal removal from wastewater. It is worth mentioning that the maximum adsorption capacities reported in the literature using microporous activated carbon are lower than those obtained in this study (Table 6 ). This makes CMK-3 a very promising adsorbent for heavy metal removal from wastewater. It is worth mentioning that the maximum adsorption capacities reported in the literature using microporous activated carbon are lower than those obtained in this study (Table 6 ). This makes CMK-3 a very promising adsorbent for heavy metal removal from wastewater. 
Conclusions
SBA-15 was used as a mold to synthesize CMK-3 mesoporous carbon. Then, its performance for Cu 2+ adsorption was studied under several experimental conditions including metal ion concentration, adsorbent mass and temperature. The analysis of the response surface design model confirmed that the studied factors have a significant effect on copper adsorption capacity on CMK-3, with the concentration being the most important one. The obtained model was significant and can be used to predict copper adsorption efficiency on CMK-3.
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